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Introduction
The present paper describes the crystallization history of three different sets of diabase dykes in southern Finland (Fig. 1) . The dykes are much younger than the last metamorphism in southern Finland, which took place about 1900 Ma ago. According to Ehlers and Ehlers (1977) the diabases of Åland archipelago are of the same age as the Åland rapakivi granite (1650 Ma according to Vaasjoki 1978) . According to Laitakari, I. (1969) the Häme diabase dykes are of the same age, while Satakunta diabases are much younger, about 1260 Ma (Haapala 1977) . The alteration found in these dykes is a slight weathering near the margins, the occurrence of secondary minerals is scarce.
A general view of the geology of Åland area is presented by Sederholm (1934) . The diabases are recently described by Ehlers and Ehlers (1977) . All sites of collected samples are located east of the rapakivi area. The nearest dyke, Källsholm, is about 11 km from 1 Map sheet numbers and coordinates refer to the Finnish basic map system. the rapakivi contact. The dykes form sharp, sometimes wriggling, contacts with the gneissoic granodiorite country rock. The width of the studied dykes (Table 1 ) varies from 17 cm to over 100 m. Husö dyke (Fig. 2) is the narrowest one, and it contains large plagioclase megacrysts 1 cm) in the middle.
The Häme diabase set is about 150 km long and 20 km wide. According to Laitakari, I. (1966 Laitakari, I. ( , 1969 , more than one hundred individual dykes have been sofar found in the area. The size of the dykes varies but most of them are 5-50 m wide and several kilometres long.
The Vehkajärvi dyke ( Fig. 3) is situated in the middle of the diabase set and is only 3.1 m wide. It is ideally exposed in a road cutting. The diabase contains in the middle of the dyke large (up to 10 cm) white plagioclase megacrysts.
The Satakunta diabase set was studied intensively in the beginning of this century (e.g., Sederholm, 1911; Laitakari, A., 1925 Laitakari, A., , 1928 . It is about 100 km long and 50 km wide. The width of the dykes varies from centimetres to several hundred metres. One sample set is collected in the northern end of the Lake Pyhäjärvi at Kiperjärvenoja. The Kiperjärvenoja diabase forms an wriggling contact with Jotnian sandstone. The contact zone is well exposed in an about 3-10 m deep drainage channel of Lake Kiperjärvi The samples were collected beginning from the contact and extending 60 m into the dyke. The minerals found as phenocrysts or megacrysts are plagioclase and occasional completely altered olivine. The contact phenomena are described by Laitakari, A. (1925) and Kahma (1951) .
The purpose of this paper is to answer the following questions: What is the origin of the diabase magma and can all the dykes be derived from the same parental magma? Is there a genetic relationship between the diabase magma and the associated rapakivis? Is the diabase dyke chemistry affected by melted country rock? How fast did the dykes cool? To answer these questions the temperature of the intruding magma and the equilibrium between liquids and crystals must be established. Table 1 gives the locations of the studied dykes. Their width is given in smaller dykes with great accuracy but in the largest ones only approximately according to field observations. The length of the dykes is always uncertain, owing the scarcity of the outcrops, but it can vary from hundreds to several thousand metres.
General remarks
All analyses were carried out on an automatic ARL-SEMQ microprobe and the analytical procedures are described e.g. by Mäkipää (1978a) . The Fe 2 0 3 /Fe0 ratio is calculated using Fe. 2 O 3 /FeO-f0g relation (Mä-kipää 1979) .
According to the classification of Irvine & Baragar (1971) all the rocks are quartz or olivine normative tholeiites.
Experiments
was suspended in a Pt loop at about 1200~C for 1 hour. The temperature, which is substantially higher than the liquidus of the dikes, was then decreased continuously and the rate of the cooling was varied between 2°C/h and 300°C/h. The cooling rate was then correlated with the width of the plagioclase (010) pinacoid.
For miscibility tests of basalt and country rock the same dyke materials were used. The platinum tubes, which were presaturated with the same material, were packed end-to-end by powdered material of the dyke and powdered or solid rock of the country rock in question.
The capsule was then suspended horizontally into the furnace at 1200°C for one to several hours depending on the width of the natural dike. Then the temperature was decreased gradually at different speeds below the solidus. The products were then analyzed on the microprobe.
Several experimental runs were conducted at 1 atm using the vertical quench furnace to test the cooling rates of the dykes. Also the contamination of the wall rock was studied using the method described by Yoder (1973) . However, all the experiments were carried out under dry conditions.
All the cooling rate experiments were performed using one dyke material of each studied diabase set. The powdered sample
Mineral composition of the dykes
The observed crystals were divided into four categories depending on size. All the dykes contain (1) megacrysts (including cognate crystals as well as fragments) ranging from several centimetres up to 30 centimetres along the longest axis. Phenocrysts (2) are usually 0.5-0.2 mm long. Some dykes contain 
(cm) Fig. 4 . AI2O3, CaO and MgO variation (total analyses) and the variation of the grain size of the dyke in Husö, Sottunga, Aland. The numbers given below the photos refer to the distances from the contact. The scale is the same in all the photos. also microphenocrysts (3) which are slightly larger than the groundmass minerals (4). The partial modal compositions of the studied dykes are given in Table 2 . Because of the narrowness of some dykes the groundmass was so glassy that the counting of the minerals was impossible, and therefore Table  2 gives rather the first primary phenocrysts found. The principal mineral is plagioclase, which comprises about 50 °/o of the total volume of the rocks.
The diabases of the Åland area have variable mineral composition. Källsholm dyke is a pyroxene diabase while Husö, Betesö and Bergskär dykes are amphibole diabases. Amphibole is the dominant mineral. It is partially a secondary product. The few observed olivines are altered to opaque and serpentine, plagioclases to chlorite and epidote etc. This means that these three dykes, which are much older than the Källsholm dyke (V. Suominen, pers. comm.), have undergone a slight metamorphism. However, the contacts are still glassy and not recrystallized. In contrast the Källs-holm diabase is rather fresh, although some secondary chlorite and amphibole occur.
The Häme and Satakunta diabases are olivine diabases. The dominant mineral is plagioclase, olivine occurs as idiomorphic grains sometimes with serpentine as alteration product. However, the occurrence of secondary minerals is very rare. 1. Mean composition of the dyke.
2. Average groundmass analysis.
3. High Fe^Os quartz normative dolerite (Weigand & Ragland, 1970 6. Quartz diabase, Möykynsaari, Lake Ladoga (Lokka, 1934) . The total is in the original paper 100.27, containing 2.68 •/» HO».
7. Quartz diabase, Kelesjärvi, Jaala (Savolahti, 1956 ). The total is in the original paper 100.47, containing 0.60 n /o H>Ot.
8. Olivine diabase, Ansio, Padasjoki (Savolahti, 1964 
Analytical results
Åland diabases
Husö
The mean chemical composition of the dyke is that of a quartz normative tholeiite (Table  3) . However, the composition of the individual samples through the whole dyke varies considerably ( Fig. 4 and Appendix 1). Due to the strong plagioclase concentration (40 %>) samples near the center of the dyke show marked increase in CaO, A1 2 0 3 and Na 2 0, while MgO, FeO* and TiOo decrease.
Composition of groundmass through the whole dyke shows variation only (Fig. 5) at the contacts, which will be discussed later. The analyses are given in Appendix 2.
The plagioclase composition is given in Table 4 . Some of the megacrysts (An 38 _ 53 ) are extremely homogeneous while others show strong compositional zoning. The large megacrysts usually have an inner and outer rim of An 5(l _ 53 and An 54 _ 39 , respectively.
Plagioclase phenocrysts (An 48 _ 34 ) are homogeneous with a very thin reaction rim, An 5 4_ 5 g. The groundmass is wholly glassy about 8 mm from the contacts. The groundmass plagioclases (An 35 _ 60 ) in the inner part of the dyke are extremely homogeneous laths.
Iron sulfides occur in 1-2 mm wide zones about 5 mm from the contacts. The concentration of sulfides in these zones is extremely high, up to 30 vol. 0 /«.
Bergskär, Betesö and Källsholm
The composition of the dykes are given in Table 3 . The composition of individual dykes is very homogeneous except in the Källsholm dyke where variation can be observed.
The composition of Bergskär plagioclase phenocrysts and matrix plagioclases are 
"^Oo 00 000 000 0°00 0 000 0000 00 0 0 0 o° The groundmass chemistry variation (major elements) through the diabase dyke in Huso, Sottunga, Aland. Each circle is an average of many spot analyses given in Appendix 2. CR -country rock. 
Häme diabases Vehkajärvi
The mean chemical composition of the dyke is that of a quartz normative tholeiite ( Table   2 ). The variation in chemical composition through the dyke (Appendix 1) reflects concentration of plagioclase megacrysts, CaO, ALA ( Fig. 6 ) and Na.,0 increase towards the middle of the dyke.
The groundmass chemistry (Table 3) is extremely homogenous until the plagioclase megacryst zone. Spot analyses of the groundmass through the whole dyke show strong variation in the megacryst zone ( Fig. 7) re- 
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fleeting intense reaction between the megacrysts and the groundmass. The plagioclase composition is given in Table 5 . The large megacrysts are extremely homogenous (An 53 _ 58 ) with a rim of An 40 _ 42 . The crystallization of these 0.1 mm wide zones have caused significant in situ differentiation.
Plagioclase phenocrysts (An-" ; _ fi0 ) are occasionally zoned with a thin reaction zone of An 50 _ 53 . The groundmass is wholly glassy to about 5 mm from the contact. The matrix plagioclase composition is usually An,-)2 _ 5e but in the megacryst zone the composition is variable down to An 40 .
Orivesi I, II and III
The chemical composition of individual dykes is not the same (Table 3) . Therefore it is assumed that they do not represent the same magmatic event.
The chemical composition through individual dykes is very constant and the dykes characteristically contain large plagioclase megacrysts (largest 10 cm).
Phenocrysts are plagioclase and occasionally pyroxenes which are frequently altered. Olivine is very rare.
The composition of plagioclase phenocrysts and matrix plagioclases is An 54 _ 65 and 4.0- 
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Satakunta diabases Kiperjärvenoja
The mean composition of the dyke is quartz normative tholeiite (Table 3) . Total chemical composition through the dyke shows variation (Appendix 1 and Fig. 8 ). Whether this is caused by a heterogenous magma or concentration of phenocrysts, is not clear.
The groundmass analyses performed on the microprobe show no clear variation at the contact one. However, the groundmass is so coarse-grained that microprobe analyses could only be carried out to about 10 cm from the contact.
Representative analyses of plagioclase phenocrysts are given in Table 6 . Their composition at the fine-grained contacts is very homogenous, An ü() _ 68 . These crystals (about 0.1-0.3 mm wide) are strongly altered so that the determination of anorthite content in some cases was impossible. The large variation of rim chemistry An 35 . 67 might be caused by the alteration.
The matrix plagioclase composition is An 4ä _ 04 and some slight difference toward the centre of the dyke can be found. 
(m)
Hinnerjoki I and II
The two sample suites represent the same dyke and show identical composition (Table 3).
The whole dyke is considerably altered. The groundmass through the whole dyke contains very small chlorite grains. The groundmass analyses performed by microprobe gave always the sum of about 94 %>. The rest (6 %>) is assumed to be volatiles.
However, to get the original magma composition, the chlorites were separated from the material and the powder was melted and further analysed by microprobe. However, the original groundmass analyses show that the chemistry through the dyke is very homogenous. Only slight MgO decrease toward the centre is observed, but this might be caused by smaller amounts of chlorites.
Discussion
Chemical compositions
Because of the different ages of the dyke sets it is unlikely that the magmas are derived from the same parental liquid. On the MgO-TiO ä plot (Fig. 9 ) the different dyke sets plot separately. The Åland diabase set shows a variation trend towards MgO-poorer magma, so that the Husö, Källsholm and Bergskär magmas can be derived from the Betesö magma fractionating 21-24 % plagioclase and 15-17 °/o olivine. For Satakunta and Häme diabase sets relationships are more complicated. To test possible genetic relationships the analyses were plotted on a TiOo-P 2 0 5 diagram in Fig. 10 . In addition to the data presented here some more primitive diabases from the same areas were also plotted. These few plotted analyses show that the studied diabases were not derived from the same magma by simple fractionation. All three different groups show reasonable trends. If the most primitive magma in Häme diabase set is similar to the Ansio magma (Table 3) , then it follows that deriving most evolved magmas, Orivesi III and Vehkajärvi, from the same source the differentiation conditions (pressure, temperature and f0 2 ) must be different, otherwise the separate trends are difficult to explain. This can also be seen on the plagioclase phenocryst compositions. Vehkajärvi and Orivesi II both have plagioclase composition about An 35 , while Orivesi I and III have An 6i , which means that the crystallization conditions were different. Thus, from Ansio magma it is feasible to differentiate Orivesi I-Orivesi III and Orivesi II-Vehkajärvi in different ways.
The same holds for Satakunta diabases. We can not fractionate Kiperjärvi from Hinnerjoki, but both can be fractionated from a magma richer in MgO (Sorkka, Table 3 ). How to get such possible different parental liquids is discussed in the next chapter.
Pressure-temperature relations
The fact that most of the diabase dykes are geographically associated with the rapakivi intrusions does not necessarily mean that they are genetically and chemically related to the rapakivis, as widely has been argued. In some cases when the dikes are of the same age as rapakivi granite, the primary frac- turing of the country rock is possibly due to the rising of rapakivi magma. In a model constructed by Vorma (1977) the formation of rapakivi magma is due to the partial melting of the lower crust during the culmination of the svecofenno-karelian orogeny, about 1900-1800 Ma ago. During the first orogenic stages the basaltic magma from the mantle source possibly (discussed later) intruded and stored into the crust (Vorma, 1977) .
At the subjotnian time, about 1700-1600 Ma ago, large-scale block movements took place in Fennoscandia (see e.g. Vorma, 1977) . During that episode the rapakivi magma rose into the higher levels of the crust, accompanied by volcanic eruptions. The deep fractures and faults formed at the time may have extended into the mantle and at this time the basaltic magma may have erupted and the present diabase dike sets were left in the former conduits.
The parental mantle material of basalts is assumed to be garnet peridotite, which is stable in the upper mantle conditions. According to Kushiro (1973) the partial melting of the garnet lherzolite under the mantle conditions (1475°C, 20 kb) produces a liquid with composition given in Table 7 . This liquid represents about 20 % melting of peridotite consisting mainly of pyroxenes and small amounts of olivine components.
The liquid is basaltic in character. Plagioclase can not be observed, because it is not stable at 20 kb. In order that this liquid could yield the most primitive basalt here (Betesö, Aland set) from it must first fractionate ferro-magnesian minerals and the liquid must be separated from the crystals. If the magma arrived into the lower crust during the orogeny, its temperature and pressure decreased, resulting in marked pyroxene and olivine crystallization. The Betesö magma can be derived from the partially melted peridotite (Table 7) by separating about 23 °/o clinopyroxene and 5 °/o olivine. The difference between the actual and calculated composition is very small. The more primitive magmas of Ansio (Häme set) and Sorkka (Satakunta set) can be derived in a similar away. This process may be followed on a An-DiFo diagram. Although this diagram is very simple, it can be used to demonstrate pressure and crystallization relationships, see e.g. Pressnall et al. (1978) and Mäkipää (1978b) . The extreme members (Betesö-Husö) of the Aland diabase dykes are plotted in Fig. 11 . In spite of the paradox that Kushiro's (1973) 20 Kb experimental melted lherzolite does not lie on the 20 Kb cotectic line, the diagram shows the principal direction of crystallization. Assuming the partially melted peridotite to be the parental liquid, clinopyroxene and olivine starts to fractionate at about 20-An Fig. 11 . The equilibrium diagram of the system Anorthite-Diopside-Forsterite. Different pressure lines drawn from Presnall et al. (1978) . 1) Garnet lherzolite (Table 7) . 2) Betesö magma (Table 3) . Husö magma (Table 3 ). 4) Husö groundmass (Table 3) .
25 kb pressure. Separation and ascent into the lower crust would decrease the pressure and the composition of the magma lies within the spinel field. Because the spinel composition MgAL,0 4 does not lie within the diagram, the fractional crystallization involving spinel cannot be described completely. However, the important feature is that the spinel reacts with the liquid, forming olivine and plagioclase. This part of evolution requires about 24 °/o plagioclase and 19 %> olivine crystallization.
It should be noted that the tie lines in Fig.  11 are only to give the direction of crystallization on the basis of this diagram. During the ascent the pressure decreases and the composition of Husö magma now lies within the plagioclase field. Plagioclase is therefore the only mineral occurring as phenocrysts. As more plagioclase crystallize the composition of the liquid moves towards the cotecticum and finally eutecticum. This can be seen in the widest dykes where the crystallization is complete and the amount of olivine and pyroxene in the groundmass gradually increase towards the centre of the dyke.
The depth of the crystallization of the matrix cannot be determined accurately. The fact that the magmas at this level are not cotectic, means that all the pressures derived are too high. However, all analyses (except Satakunta diabases) plot around 2 kb line (^ 6 km), which gives the maximum pressure. According to this diagram the Åland diabases represent the deepest erosion level.
The temperature of the into the joints intruded magma can be estimated by the method described by Mäkipää (1979) , and the results are tabulated in Table 8 . Because of the very slight crystallization next to the contact, the magma is assumed to be at very near the liquidus temperature at the time of intrusion. The intrusion temperature appears not to be the same in all the dykes of the same set. Again the Vehkajärvi-Orivesi II and Orivesi I-Orivesi III magmas separate by different liquidus temperatures (difference ~ 25
L '(C) as well as different plagioclase equilibrium temperatures. So do also the Kiperjärvenoja and Hinnerjoki dykes. This indicates either lack of equilibrium or different conditions during the earlier evolution of these magmas.
The fact that plagioclase is the only phenocryst mineral in most of the studied dykes, sets a limit to the calculation of the accurate equilibrium temperatures, because the equilibrium depends on the prevailing water pressure. It seems most likely that the water pressure was around 1 kb or less. The results (Table 8 ) using the Kudo & Weill (1970) and Mathez (1973) plagioclase geothermometer show that the crystallization temperature of the matrix is about 50°C lower than the liquidus. It is noticeable that the phenocryst equilibrium temperatures are similar to the groundmass temperatures. This indicates that the magma was wholly in a liquid form during the arrival into the lower crust, where the phenocryst crystallization took place.
For testing the feasibility of these tem- 
Phase-equilibria
The only method available to test the plagioclase equilibrium is the major element distribution between plagioclase and liquid as a function of temperature. Taking the plagioclase temperatures from Table 8 and supposing that they are equilibrium temperatures, all the microphenocrysts and the rim of the phenocrysts and megacrysts appear to be in a reasonable equilibrium (Fig. 12) .
When attempting to clarify the mega-and phenocryst core equilibrium, the densities of Fig. 12 
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the crystals play a most important role. For example, in Husö dyke large megacrysts could have been formed at greater depths and floated in the magma chamber into the liquid, where they are now found. Considering higher pressures, these crystals are in equilibrium with the groundmass and therefore formed in a similar or the same magma.
The reverse situation holds in Vehkajärvi dyke, where the mega-and phenocrysts were heavier than the surrounding magma. These crystals were in equilibrium with the groundmass, if lower pressures were postulated. However, according to the foregoing discussion about the crystallization history of these dykes, this model is an impossibility. Therefore the large megacrysts of the Vehkajärvi dyke cannot be crystallized from a magma corresponding the composition of the surrounding matrix.
Cooling rate and crystallization history
Cooling rates
The cooling rate of the magma in a dyke can be estimated using the results of experiments by Grove & Walker (1977) . They found that the size of plagioclase (width of the 010 pinacoid) correlates with the cooling rate as follows: log (cooling rate) = -1.71 log (width) -1.75 The derived rates can be used to give some estimations of cooling rates. The results of different dykes on the same set are fully comparable.
The Åland diabase dyke show a linear cooling rate with distance from the contact (Fig. 13) . Because the country rock is the same in all the dykes, the influence of the width of the dyke is distinct, the wider the dyke the lower the cooling rate, because of the greater heat capacity.
The Satakunta diabases show lowest cooling rates (Fig. 14) , and the rate of cooling is almost constant up to about 10 cm from the contact. However, the temperature of the magma was so low that also contacts are completely crystallized even in the narrowest (20 cm) dykes. Further, the orientation of the groundmass plagioclases parallel to the dyke direction at contacts indicate that the magma was already partly crystallized before intrusion. The Häme diabase set (Fig. 15) shows highest cooling rate at the contacts. However, the rates decrease rapidly and are lowest of all sets about 10 cm from the contact. This might be caused by relative high intrusion temperature. The Vehkajärvi dyke, having the lowest temperature, shows not so rapid cooling rate. Further the width of the chilled margins decrease with increasing width of the dyke. All the present cooling rate experiments show similar behaviour as the results of Grove & Walker (1977) , i.e. the width of the plagioclase (010) pinacoid correlates lineary with the cooling rate, both in log scale (Fig. 
16).
However, the slopes of the lines are very different. At higher cooling rates this can be caused by kinetic problems, but at lower rates there must be some other factor to control these individual experiments.
One important factor is the difference in the chemical composition. Grove & Walker (1977) used quartz-normative lunar basalts with pyroxene and small amounts of olivine and spinel as the first crystallization phase. Plagioclase was the last phase to crystallize. At the early stage in their cooling rate experiments the number of pyroxenes increased and their size decreased as a func- tion of increasing cooling rate. They determined the pyroxene nucleation density and found it to correlate with the cooling rate. Then, during the late stages of crystallization the size of groundmass plagioclase increased at lower rate. So, applying this to the present experiments, the slope of the cooling rate line should be much steeper for early stage plagioclases than for late stage plagioclases. This is obvious. Does the line continue lineary at lower rates or turn parallel to late stage line is open to question.
However, another important result must also be pointed out.
Three different dyke materials (Husö, Vehkajärvi and Kiperjär-venoja) were cooled simultaneously and the products reveal that the speed of the plagioclase growth differs in individual dykes, as shown in Fig. 16 . This difference is small but noticeable. Applying this to Fig. 13 (Grove & Walker, 1977) .
and Bergskär dykes (amphibole diabases) and the Källsholm dyke (pyroxene diabase) is easy to understand. So the width of the dyke is not the only and primary factor to control the cooling rate, but also the chemical composition of the magma plays an important role.
Contact phenomena
The heat capacity of the Husö dyke during the cooling was small and the partially melted contact zone only extended a few millimeters into the country rock. When magma is intruded into a country rock containing hydrous minerals, heat will be absorbed by vaporizitation and the whole system will be surrounded by a zone rich in water vapor. Because water can intrude into the magma, the contacts contain more water some postmetamorphic diabases in Aland, ... than the rest of the dyke. The formation of very small, fine-grained and colourless chlorites at the contacts of Husö dike at high temperature is probably due to the activity of hydrothermal solutions intruded into the magma from partially melted granodiorite. Another explanation is thermal metamorphism, but then also the crystallization of the glassy groundmass should occur, which is not evident.
Because of this water-vapor phenomenon also the saussurization of the plagioclase feldspars can be understood. In the zone extending about 4-5 mm from the contacts plagioclases are altered to epidote.
In the Vehkajärvi dyke the partial melting of the country rock was very slight, in spite of the fairly large heat capacity of the magma. At the contacts only Na 2 0, MgO and FeO increase slightly, while SiOo and ALO :t decrease (Appendix 2). The altered zone is very narrow.
Extremely well the partial melting of the country rock occurs in some Orivesi dykes. The contact zones contain chlorites and even solution pubbles can be found (Fig. 17) .
The contact zone is high in K 2 0, MgO and FeO and low in Si0 2 and Na 2 0. The average total of many microprobe analyses is as low as about 90 °/o.
After the crystallization cooling joints opened in the dykes. They were immediately filled up by hydrothermal deposits with average composition 12 % MgO, 30 % FeO, 13 °/o A1 2 0 3 and 29 %> Si0 2 . The rest 13-15 °/o is probably water.
The Kiperjärvenoja dyke has contact with an arkosic sandstone. According to Kahma (1951) its contact influence is low grade. »Ap-proaching the contact the quartz grains in sandstone become toothed and the amount of fine-grained cement decrease.
This finegrained aggregate has almost entirely vanished at the contacts.» The melted country rock material has flowed into the joint and mixed with contact magma. The mixing calculations show that about 35 °/o of the fluidal material has mixed with the magma at contact zone, MgO and FeO increased, while Si0 2 and A1 2 0 3 decreased.
The present experiments show contact influence similar to those observed in the field. The partial melting of the country rock depends e.g. on the composition of dyke and country rock material, temperature, heating time and cooling rate. The degree of partial melting is directly comparable with the time used for preheating at high temperature (1150-1200°C). The contact zone is always richer in K>0 and FeO, and poorer in Na 2 0, AL,0 3 and Si0 2 than the rest of the dyke material in experimental capsule.
In one set of experiments powdered Husö diabase and solid granodiorite were packed in a platinum capsule and suspended in a furnace at 1160 C for one hour and cooled afterwards using the rate of 180°C/hour. Figure 18A shows the basalt-granodiorite contact after the experimental procedure. K,0 content of the diabase from the contact to the distance of about 1 cm decreases from 2.5 °/o to 0.8 °/o, while e.g. A1 2 0 3 increases from 13.3 °/o to 15.3 °/o. This contact zone does Solid circles -calculated using the experimental results of Grove & Walker (1977) . Open circlescalculated using the method of Jaeger (1957) for intrusives. Triangles -calculated using the method of Jaeger (1957) for surface lava. L = 100 -latent heat 100 cal/g. L = 80 -latent heat 80 cal/g. not extend more than a few millimeters to the diabase. For comparison the natural contact of Husö dike is shown in Fig. 18 B.
Duration of the solidification
Jaeger (1957) studied the cooling rates of igneous rocks and introduced a method to calculate the time needed by a magma at a surface of known distance from the contact to solidify completely.
As discussed earlier the contact zone absorbed heat effectively and the corresponding heat loss must be accounted for in the calculation. In the Husö dyke the time for solidification is calculated using 1170°C as liquidus and intrusion temperature (derived using the method by Mäkipää 1979) and 1120°C as solidus temperature (calculated plagioclase groundmass equilibrium temperature, Table  6 ). These temperatures agree well with the experimental results by Yoder & Tilley (1962) . They found that rocks similar to those studied here are completely crystallized after the cooling of 40-60 D C from the liquidus.
In an attempt to account for the heat loss due to vaporization at the contacts, the temperature was assumed to be 30 C lower than the liquidus. The density of the magma was calculated using 1-2 kb pressure and 0.5 °/o H.,0 content, which was assumed to be constant up to the contact zone where it was assumed to increase linearly up to 1.5 ®/o H,0.
The results (Fig. 19 ) with different latent heats 80 and 100 cal/g are compared with the results of the method by Grove & Walker (1977) and the cooling rates of the surface of a lava flow.
The agreement between the theoretical and experimental methods is good, and results may now be used quantitatively. According to these the solidification of Husö dyke was complete in 2-3 hours after the intrusion.
The case of the Vehkajärvi dyke is more complicated because of the differentiation in the dyke. The time of solidification was calculated using 1140 C as the liquidus temperature and 1090°C as the solidus temperature. Assuming similar conditions as quoted above, the cooling curves are shown in Fig. 20 , which indicates slower cooling rate at the contact than calculated. This is caused by the graywacke schist country rock, which does not absorb heat well, and further, the chilled contacts were continuously in contact with the hotter magma intruded into the joint. When the contact zone (about 1 cm) is crossed, the cooling rate follows the calculated rate until it rapidly increases at the megacryst zone. Because of the very extensive crystallization the cooling rate is here greater than calculated. However, according to the experimental results presented here, the cooling rate at the contact is not so rapid as calculated using the method of Grove & Walker (1977) , and in addition, the megacryst zone shows slower cooling rate, so that the agreement between Jaeger's and this study is even better than presented.
According to these results, the solidification of the Vehkajärvi dyke was complete in 40-50 days after the intrusion. However, it seems to be more realistic to use the observed rate on the basis of plagioclase widths, which gives the result of two weeks.
The Kiperjärvenoja dyke is even more problematic, because of the differentiation and convection in the dyke during solidification. The time for solidification was calculated using 1170°C as intrusion temperature and 1120 C as solidus temperature. The comparison (Fig. 21) with the time derived from plagioclase widths shows marked difference. This is caused by at least three factors. Firstly, the effect of convention may play an important role. It seems certain that after the marginal phase solidification the heat convection was increasingly dominating factor.
The author has made some experimental calculation to establish the effect of convection on the contact temperature and on the duration of solidification. In these the temperature at Kiperjärvenoja contacts has risen by an amount of tens of degrees from the initial contact temperature. Considering a very effective heat circulation, the duration of solidification decreases to half of the calculated value.
Secondly, the method to calculate the time of solidification using the plagioclase widths requires the assumption that the growth of the crystals is continuous and linear. In the studied dykes the width of the plagioclase crystals increase linearly only in dykes narrower than about 20 meters. For example the width of the plagioclase crystals in the 60 m wide Kiperjärvenoja diabase and 100 m wide Källsholm dyke seems to be constant (about 0.6 cm) from 25-30 m from the contact on.
Thirdly, according to the present early stage plagioclase cooling rate experiments, the agreement with the calculated rates is much better than presented but at lower rates it is now impossible to say if the growth continues linearly or not.
However, it seems unquestionable that the solidification time of Kiperjärvenoja dyke is in the order of a hundred years.
Settling of the plagioclase crystals
Using the Stokes' law it is possible to calculate the velocity required for a crystal rise or sink.
_ 2 g a 2 (Pi-Po) V 9 a where g is acceleration due to gravity (^ 10 3 cm/sec 2 ), a = radius of the crystal, P, = density of the crystal, P 2 = density of the melt, and u = viscosity of the melt (calculated using the method of Shaw (1972) ). According to Bottinga & Weill (1970) the total range of the density of plagioclase at 1200°C is 2.53 to 2.71 (corresponding to An 0 -An 100 ). The calculated densities are given in the tables with plagioclase analyses of individual diabase sets.
The density of a magma can be calculated from partial molar volumes of oxide components (Bottinga & Weill, 1970) .
Thus the density of the Husö plagioclase phenocrysts (Aland diabase set) varies from 2.615-2.625 (An 48 _ 54 ). The density of the larger megacrysts can be considered to be between 2.600 and 2.625 (An 38 _ 53 ). Assuming the pressure of 1-2 kb and water content of 0.5 °/o, the specific gravity of the Husö groundmass at 1175 C is about 2.615. Considering the effective viscosity of the Husö magma to be about 1100 poises and the maximum radius of phenocrysts 0.2 mm the crystals should sink at the rate of 0.35 mm/ day. This means that if the dyke is like a sill it takes half a year to remove the phenocrysts from the contact to the centre of the dyke. As discussed earlier the solidification of such a narrow dyke takes only hours.
Megacrysts can either sink or rise. Considering very common plagioclase megacryst composition (An 40 ) the crystals (max. 0.6 cm in diameter) should float at the rate of 0.8 cm/h.
On account of these velocities, the gravitative settling of plagioclases in Husö dyke is not a strong factor to move the crystals. The concentration of the mega-and phenocrysts into the centre of the dyke must be understood to be due to the flowage differentiation.
Vehkajärvi plagioclase phenocrysts (Häme diabase set) show slight variation in composition toward the centre of the dyke. However, as an average their density varies from 2.625 to 2.635 (An 53 _ 60 ). The density of the extremely homogenous, large megacrysts (0 2-3 cm) varies from 2.630 to 2.635 (An 55 _ 59 ).
The density of the Vehkajärvi groundmass is 2.59 at 1139°C (other properties quoted above).
Vehkajärvi magma has a viscosity of about 1200 poises at 1140°C. The maximum radius of the phenocrysts is 0.1 mm, denoting sinking at the rate of 0.7 mm/day. The large megacrysts can move in the magma at the rate of 1.7 m/h and in this spirit the concentration of the plagioclase megacrysts in the middle of the dyke must be explained.
The first idea to rise is a simple model of magmatic chambers. Being much heavier than the magma, the megacrysts may have sunk to the bottom levels of the chamber. After the eruption the present megacryst zone may represent the last phase of the extracted material. However, this model should require a differentiation trend toward the centre of the dyke, which evidently does not occur. Further, the conditions during the eruption should be so ideal that the existence of this system is unlikely, and finally, as discussed earlier, the megacrysts are in equilibrium only if lower pressures are postulated.
Rather more probable is the existence of some mechanical sorting during the eruption. The only explanation worthy of consideration is the flowage differentiation. In such case the whole system is very stabil because of the higher viscosity of the concentration zone. This indicates that the less viscous magma on the both sides of the megacryst zone has flowed faster than the crystal-saturated liquid in the mid-channel. On this basis the chemical difference between the matrix in the central part of the dyke and other parts is easy to understand.
Anyway in both cases the dyke must represent a more or less vertical joint or otherwise some gravitative settling should cocur.
Kiperjärvenoja plagioclase phenocrysts (Satakunta diabase set) are homogenous and strongly altered. Their density varies between 2.645 and 2.650 (An 0(i _ 68 ). The density of the Kiperjärvenoja groundmass is 2.605 at 1165°C (other properties quoted above).
Kiperjärvenoja magma had a viscosity of 1150 poises at 1165°C. The maximum radius of the phenocrysts observed near the contacts is 0.2 mm, denoting sinking at the rate of about 3 mm/day.
Owing to the scaricity of the megacrysts such concentrations of the crystals as described in the Vehkajärvi dyke cannot be found. Because the distinction between the phenocrysts and groundmass minerals behind the contact zones is impossible under the microscope, the total analyses are the only facts relating possible crystal concentration during the intrusion.
Summary
The crystallization history of ten dykes from three different diabase sets in southern Finland has been described. The basaltic magma was formed by partial melting of the upper mantle during the Svecofenno-Karelian folding, and it intruded into the crust during this folding.
The intrusion temperature has been derived to be about 1140-1170°C and no clear distinction between individual sets can be made. The calculated equilibrium temperatures show that the dykes in most cases were completely crystallized after a cooling of 40-60°C.
The magma at this temperature has partially melted the country rock. In the narrowest dykes the melted zone extends only a few millimeters into the country rock, but in the largest ones the zone is several tens of centimetres. The melting has also influenced the diabase chemistry up to 3-4 meters from the contact, as has been described by Kahma (1951) . Also some differentiation in the dyke self occurs in the widest dykes.
The lack of any variation in the groundmass chemistry around the mega-and phenocrysts indicates that they already were in the magma before intrusion. The homogenity of the mega-and phenocrysts can be explained by magma chambers, which evidently existed for a long time beneath the diabase areas.
The cooling rate of the magma depends on the country rock, dyke chemistry, intrusion temperature and the width of the dyke. To generalize, the width of the chilled margins is the function of the width of the dyke. Further, the larger the dyke the slower is the cooling rate, and the higher the intrusion temperature the speedier is the cooling rate at the contacts.
The settling of the plagioclase mega-and phenocrysts in the centre of the dykes is explained here by a process of flowage differentiation. However, in most of the dykes in the studied areas the plagioclase crystals occur near the assumed upper or lower contact. Very popular explanation to this phenomenon is the gravitative differentiation in the dyke itself. However, this study shows that such conclusions must be made with great care.
Considering the plagioclase cell expansion at high temperature and the magma density variation with temperature and pressure, the density of the plagioclases in most dykes equals the density of the magma. In the narrowest dykes there has not been time enough to the gravitative separation of the crystals and therefore the origin of the crystal-concentration in one part of the dyke must be in magma chamber at a shallow depth or even deeper.
APPENDIX 1
Total chemistry of the studied dykes. 
